Abstract: This paper describes a multi-method Malice package for three dimension coupled phenomena in induced processes of heat treatment by an algorithm weakly coupled with the Migen package integral method defining the electromagnetic model and the Flux-Expert package finite element method defining the thermal model. The integral method is well suited to inductive systems undergoing sinusoidal excitation at midrange or high frequency. The unknowns of both models are current density, scalar potential and temperature. Joule power in the electromagnetic model is generated by Eddy currents. It becomes the heat source in the thermal model.
Introduction
In induced processes of heat treatment, a sinusoidal variation of the exciting current creates eddy currents in the material to be melted. The installation mainly consists of an inductor coil surrounding a crucible that contains the load. The load is a conducting material or a non conducting material. The materials are exposed to relatively high frequencies (kHz). The electromagnetic model including skin effects in linear materials is important in order to know global quantities such as Joule power, electrical impedance, and local values of parameters such as power density and electromagnetic forces. The integral method uses the current density J and the electrical potential V ; it is based on the local Ohm's law, the Biot-Savart relationship and the conservation of current [1] . Only the active electrical part of the domain is meshed. These physical relationships are used directly in the numerical formulation, which leads to a linear system. It is possible to calculate the local values for power density and force density as well as global values such as Joule power and electrical impedance. The thermal model, i.e. the finite element method uses the temperature T ; it is based on the classical heat transfer equation. This equation can involve boundary conditions at the interfaces by Gauss's theorem [2] ; convection and radiation at the interface between the load and the air, prescribed heat flux or temperature and the heat dissipated in the part by eddy currents being the main source of temperature evolution in the load [3] .
For 3D numerical simulation of coupled phenomena in the weakly coupled method, we used the multi-method Malice package enabling modelling coupled phenomena in the induced processes [4] .
Numerical method
The objective of this work was to implement a coupled method based on modeling of 3D configurations. We used interpolation, derivation and integration techniques commonly used for the integral method and finite element methods.
Electromagnetic model
The two equations on which the model is based are:
• The local Ohm's law equation
where J is the current density, σ is the electrical conductivity, V is the electrical scalar potential, A is the magnetic vector potential and t is time.
• The equation for the conservation of current
(2) The local expression of the potential vector is obtained by the Biot-Savart law
Ω represents the volume of the conductors, 0 μ is the magnetic permeability of air, r represents the distance between the point concerned (point where the potential is calculated) and the source point in the volume Ω. This relationship implicitly takes into account the boundary condition at infinity. Given the alternating nature of the exciting current; a complex notation is required to express the electromagnetic quantities relation (1) as:
The subscript c denotes the complex value of the variable, ω is the angular frequency and 1 c i = − . When the Biot-Savart law (3) is substituted in Ohm's law (4) we obtain an integral relationship between the current density and the electrical potential
Our electromagnetic problem can then be described by (2) and (5). These relations only apply to conducting regions. Note that with this approach, the current density and potential become the unknowns. The electromagnetic skin depth is defined by
If the electromagnetic skin depth is very small compared to the size of the load we call this case the thin skin depth case. Then it is possible to apply an exponential decay when the 1-D approximation is valid
where , c s J is the complex value of current density at the surface of the conductor, and n is the distance of an internal point to the surface in the direction normal to the surface. In this case the surface of the conductor is mesh.
For the integral method, the electrical potential scalar and the current density are interpolated using the first-order Lagrange polynomial.
Thermal model
The equation on which the model is based is:
• The classical heat transfers equation
where T is the temperature of the conductor, ρ is the density, total C is the total specific heat capacity, th k is the thermal conductivity, th Q is the heat source and t is time. We defined the boundary conditions at the interfaces by Gauss's theorem ( )
Flux
where cv h is the convection heat transfer coefficient, SB σ is the StefanBoltzmann constant, ε is the emissivity, a T is the room temperature and Flux is the heat flux at the surfaces. For the finite element method, the interpolation functions are created by Galerkin's approximation and a Lagrange polynomial function of the second order. Then we can write this equation in the form of an integral with boundary conditions (method of weighted residuals by Galerkin): 
where th Q is the heat source of the integration point,
J P J J * = ⋅ σ is the Joule power density of the electromagnetic model at the point orthogonal projective.
Fig. 2 -Interpolation between the integral method and finite element method.
This numerical formulation leads to a linear system:
For the electromagnetic model, M is a full non symmetric matrix, I is the vector of unknowns constituted by the components of the current densities and the electrical potential, and S K is the second vector of the system that is equal to the vector potential created by the coil when the current density is imposed in the coil. The terms M , I , S K are constituted by complex numbers. To solve this system, the Gauss method with a total pivot is used.
For the thermal model, M is a sparse symmetric matrix, I is the temperature unknown, and S K is second vector of the system that is equal to the boundary conditions at the interfaces. The terms M , I , S K are constituted by real numbers. To solve this system, the iterative method is used. 3 Numerical results
Configuration
We have studied a simple problem consisting of a hexahedron shaped load and 5 square inductors. The height of the hexahedron is 0.1m and its sides measure 0.06m. It is made of copper. The electric conductivity σ is 5×10 
Electromagnetic results
This section presents an analysis of the distribution of current densities. The δ value is 0.5 mm (thin skin case). Then we use the thin skin depth model to solve the electromagnetic problem. For this case the surface of load is mesh. The load has 2400 elements. Figs. 5a and 5b show the current density vectors on the surface of the conductor hexahedron (for thin-skin conditions). The direction of the vectors is horizontal, turn around the load and opposite the current direction of inductor coils. The current density maximum is 0.16×10 9 J/m 2 .
(a) (b) The Joule power which is induced in the load by the current densities is 1285 W. It will become the heat source in the thermal problem by a weakly coupled method.
Thermal results
For this section, we used the static linear algorithm for calculation and analysis of the distribution of the heat source and temperature in the load. We defined the value of condition limits as: 1) convection heat transfer coefficient cv h is 80 W/m 2 K;
2) temperature of air a T is 300K. Fig. 6 shows the heat source th Q originating from the Joule power density of the electromagnetic problem. The heat source has a high value and very thin skin at the surface around the load (Fig. 7) . In the coupled Malice model the number of elements is important in giving the correct heat source value. For this simple problem we showed the charge with a different number of elements in the thermal model compared to the value of the obtainable heat source. Then, Fig. 8 shows the load which has a different number and different position of elements. Table 1 presents, the number of elements, Joule power of the load calculated by the integral method, Joule power of the load calculated by the finite element method (heat source), interpolated temperature maximum and percent of error of interpolation for each element. From Table 1 we can see, that the charge number when the value of the heat source is close to the value of Joule power and gives the temperature maximum is No. 4. This problem is the thin skin case. The heat source appears at the surface around the load. Then we must create thin elements at the surface of the thermal model for interpolation of the coupling term.
From Fig. 9 , we can see that the highest temperature is apparent at the corner of the charge and the lowest temperature is apparent at the surface on the top and the bottom of the charge. 
Conclusion
The main propose of this paper was to solve thermo-electromagnetic problems in the weakly coupled method with the finite element mesh difference. Interpolation between the integral method and finite element method for calculation of the heat source in the model coupling is necessary. The number and position of elements is important to be able to give the correct results of the coupling problem.
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